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Abstract: In this paper, the broadband conditions of a reflectarray antenna will be shown using aberration 
theory. By using aberration theory, the mechanism of the frequency characteristics of the beam shift and 
gain reduction will be clarified. Further, a method for the mirror surface 1s described to become wide band. 
The validity 1s verified by an analysis and a theoretical formula. 
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1.Backgroud 
A reflectarray antenna is composed of a flat reflector and a feed horn and it 
can sometimes be compared to an offset parabola antenna. 


Table1 Comparison of the antenna 


9s 
ete ra) 
o 2020000 





Appearance Parabola $2.00 no , Reflectarray 
antenna — Verse s «4 antenna 
Efficiency HIGH LOW 
Bandwidth WIDE NARROW 
Cross polarization HIGH LOW 


Therefore, reflectarray antenna can be better than a parabora antenna if 
high efficiency was realized over a wide frequency band. 
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2. Purpose Reflector is determined to satisfy of the condition 
of constant path length. 





High efficiency and wide Bandwidth 





NS Plane wavefront 


Primary radiator 


Fig.1 Offset parabola antenna 
; The plane wavefront is formed by controlling the 


| reflection phase. 


Low efficiency and narrow Bandwidth 







T 


Image of the 
primary radiator 











3. Mechanisms of aberration occurrence 
Assuming the frequency characteristics of the reflection phase as (f) 


p = (f) f frequency 


Image of the primary radiator | Do = OG (fg) fo ‘design frequency 


®, :The desired reflection phase 
A,:Design wavalength 


A:Aberration to be compensated 


A:wavalength 
®:Reflection phase in A 
A':Compensated aberration 





Aberration to be compensated /\ 





Fig.3 Aberration A to be compensated 
residual aberration dA is the difference between the A and A’. 
1 
dA =A—-A' =—(®,/A, — BA (3) 
57 (Podo — PA) 
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The condition to realize the wide-band reflectarray antenna is equation 4. 
So, the frequency characteristics of the reflection phase ®(f) should be as shown in equation 5. 


—equ.(5) —equ.(6) 


180 ; 
m D pt 











I 
Co 
un 


1 
dA = — (Poão — $2) 2 0 (4 


uo 
e 


fo 
Frequency f[GHz] 
Fig.4 Frequency characteristics of the reflection phase 


In this presentation, ®(f) is assumed to be 


> 
un 


Conditions for making the desired wavefront 
regardless frequency 


A 
o(f) - 2, - 7 


B 
Un 





Reflection Phase [deg] 
3 o 
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constance ®, independent of frequency as is Using (6), the residual aberration dA Is as 
the ideal case. shown in equation 7. 
ào—À 





P(f) = Po (6) dA = A (7) 


Ac 
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Detail about the aberration 


Consider the case shown in Fig.5, where the position F' of the image of the primary 
radiator is located above the aperture center. 


A Ai À2 


Image of the primary radiator 


xN 





Aberration First order Second order 


Fig.5 Kind of aberration 


The aberration A to be compensated can be separated into the first order aberration 
A1 and the second order aberration A2. 
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4. Residual aberrations 
d Ai A dA» Aa 


A = A, +4; 










-+ = 
Image of the 
primary radiator 
First order of r1 Second order of = residual aberration 
residual aberration residual aberration 
Fig.6 Aberration Fig./ The behavior of the residual aberration 


The wavefront of the A and C is the primary radiator are making. 
| A:First order 


C:Second order 


The wavefront of the B and D is the residual aberrations are making. 
| B:First order 


D:Second order 


dA,:The first order residual aberration causes the beam shift. 
SAP2016 International Syd 0.2: The Second order residual aberration causes a gain reduction. -— 
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The residual aberration varies depending on the frequency and the position of the image of the 


primary radiator ese 0 


Image of the primary radiator “pee 


Fig.8 Achievable wavefront 


The beam direction and the wavefront is changing by the image of the primary 
radiator and the wavelength. 
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First order aberrations in detail 


5. First order aberrations Calculation parameters 


D:Aperture diameter 
0:Inclination angle 


L:First order aberrations 


L = Dtan@ (8) 


AL ‘First order residual aberration 


AL L 









Image of the 
primary radiator R 


AL = 721 (9) 
Xo 


0.:Wavefront slope(Beam shift) 


, AL (40) 


Fig.9 The design parameters for obtaining 0. = tan -— 
the first order aberrations. D 
Residual aberration dA} When these formulas are rearranged ,the following equ(11) Is obtained 


Ag-A 
tan 0, — 1 tan 0 (11) 
E 


Beam shift Əs can be estimated only by inclination angle 8. 
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X1 


Primary radiator x 


Fig.10 Analysis model parameters 
Table2 Design parameters of a first order aberrations analysis model 


200 


#Design changes the position of the image 


of the primary radiator is rotated a 
reflectarray antenna. 


The distance from the primary radiator 
to the center of the reflectarray AR [mm] 





Inclination angle @[deg| 11 / PAGE 
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=+- R500+20 Theoretical value  -4«-R500 Theoretical value --@- R500-20 Theoretical value 
/ —R500+20 Analyzed value —#— R500 Analyzed value —e— R500-20 Analyzed value | 





3 





NJ 





P 





Beam Shift Os[deg] 
rn O 


N 





11 115 12 13 


12 
Frequency f[GHz] 
Fig.11 The beam shift with respect to the frequency 


The analytical and calculation results are observed to be in good 
agreement. When 80 - 0deg, the image of the primary radiator is at the 
center of the aperture, and a beam shift does not nearly occur. 


ISAP2016 International Symposium on Antennas and Propagation (Okinawa Convention Center) 12 / PAGE 


Kanazawa Institute of Technology 








' @¢ 2088 + Jo ™ 
+945 . ee ITI | 
A AIZIZIIEZII 3 > o 3 “ee | 
Oreeee 06000 ET »2o*-€9 bi: 
e eoc270 ELLI T LIE 
* 109009099412522020925 ose "D 
oi9: 1252220220202 02002000900 - DO \ 
Ss - ."* $6564 "- «= » 4 " se ‘se " 1$. —— — 
90540:260069005020200900000002 ORO Oa « s 
050002: e"acocoscasatocotocoq ee COOCOO? uie 
/ 23999140: 02090004000 09000 0000900 DD OQ*s : TM otter -— 
| 18999900): -2802 9933329350499 99 08. (20096936 HI e AY! dapes on "i: 2 
/ OQ. oeovebbOiO- o» 6600999999 5s50000ve .CIoboese.nD \ 9^ . 9 n toten mes 
iW 20.5, > O20: 9-12 \ p "UTCV.".«EEEIIIIIIIIII b> riui TILEM 
TM HEHEHHHHEHHPHEHT: 2 HRHDLS uere IUE S $ 13111002425222 
lE HRS DSSÁSÁAMEIHHRHSBHRESCSLDUHESNSG SA 0259 08o ers eeo Io IIOET i HN je disset 
| pHo] taooto o eapon teette rne OOO a te OOG PISCEM a CORREO tee 00ti‘(‘(iti(‘(i(iaHM ge ER e oa aR Ee 
f 152027 j$9$0900 * ?222p2oc222 tO $3: MTS z A P. 20-0280 0521 ` . 3 <4 +246 22990992992 BEES in 
"n 29: AS 5 Sees MV 99? t uno» | eorOCO) eoe o2: $00000990: 5990020 vH *\ one 020540 112711111117 M re 
| 08 $00). tataro DEON dbi. 55,29 4944419 444 7C *t5OQUEII "0909 90000070009 2099000*-D992c0 O75: tee 23 cbasgeeeaese )»6os*3 Do00 
| Ho 100 OM aeos Pu T Wyle s 11094 04451-92495 4 LICUIT $f "Vid a 112222 IILILEM*. 2 22. + 207 IER ORIOL 2083 Se. seas 
} ‘ e pè poSon OONO Oooo atoa e meste-0 | $9 4n #000 600" S SO ie teo Doer Pi -$i 99,6 ' (OO ovt "TE 
oc oo IL "lI Rui xS e. ROG Uc 299^: [ee OOo De | -9 T 1. "LII ELI II $ LC d X oc $c 24 te $5 T ' o T 9^ E "20009029 3° eoet » 
OO |Oc* Qieeo2o )0eo-c ees EY: AI 111 -GO ZITTT COT 220293 OO oO eo 6+ -Ceotcee 9,4 SOS * 252251 920999229 . + 0 | 
E. 8s cente. sense Fees eoet sense OOO | — / SSF OID: or seh ISOE OTE: |; | CO OTes these Oreo te | «6 200050 «00212 669241 peesescOngessres: \ 
> wre , SOO) 9220! ' 16667 III eae; Queees ee Qo HRS zs ' 225 Q^," P" Q- > TC 69 soes Seesen] i sos 4 6 soe 90 ves "ooo: be 
o " 6 0 $ Moni « eoo Oren oe e464 059547 "^ eee" $6 s «S56 $e | [ticon tee gu haces fe occas “OO los eee) 
0. 50 **» IE I . © G ót-4 ooo * ! ee CYT11 ++ DO "171111109 oTi " "e Pae . eo 0.1.79 £00. i f robe. ITI P... =. 
"- ' bo r * -* Y») "2614 3». ‘ + j ' i e "c2 000^ eee ** a n" n sce e ee Oc be f coke €J eo^ A oon see * Enos p ^ see; o» t c | 
I : e DASS d ' ie boos ce Ma? S E fe pOh teot Finny ^*ÉÓt* tt rot *r $$ pote- peel E 2 EET C nd sosse: > sites : Pree eee Oo ore) 
Gaes SOO t e01091 330 Be: Pesos ese 1 PU SCE: -ossesscoeseee- - Ces Wai Sees es | 13080:31: 50099. 12181. $3341 HIC UMS 
rtv et: ggas te 22 S58: QUE c s eue 112171 1221117125522 22222112 22227 eiie ie DOO bes | | $1 * to sf ee TM 109 949 ON tey ORO ?9*t 7e 
| $ COUO o i 25 nm 190000005 < I MS : £006 T sees 15:265 0 0 QUA, e o2227000405 0227 UE oe [egre ibo eer o02Ó on T Ea "oe. 9220 as 
| swe: Meere ore o "ets LI 4 "ses 2e-QiOses-] |Mt129990.7 09000000 - eve * o9 000500. -LODO00026* Qo - Gres 9129.2 I j- teretes ec ots: "HP Does cele! 
"sedo fiet Sortii eters seeped "ETSI C MEHRERERES S IBSSE [F.t IRO iTA oes LIII eo M. 
S utes 3: i Fete e Sa vies 243 Ogee HNWEE OU UEHUSSIEEHRHRTHTEHRER: DIO IBSU UU BELL EIE 1525: eitis ee: 
aL URL UL di SLHEDT. 1 EIE SURE SS RARE ODE iE |" oe SE SSSS 191: 1:99 998 eere eer ois Coo 
1 ves ote seo ot a ut pe seee i D fM $ 1* 222894 22 EN eae s s.. ' CESSES $8 > d >e - | * tM ^6 vl 2502 t. ees > z "T5226 ue t I 
[Je B > x -"""ugeoeweutru ‘hese - 15568 FB j - : oe! , , 4 =, 1 z RU T "2 ua = 2 ua ‘ oO £ "L 7 nl bd * 2o0-- » -99 6 ]! 
1 Solet: $5. * eee eqn D ss 99: Pos = combo ss $ | [eo His ns 19250 ooo ooo Pet i 3° t deb dti Ha:g Hi aa OF CoS es >: $3 $528 
! 3 peono ane eteen ae S599 » tog: | Oa Oe $00 te OO SIRE ELE CE Ree le 604 © Or eo VATS soui oos: e v vu^? $: so o idese lA | 
3 Pei coo oOQODD- - 4 7eec eee ee, b. "Qooe 5 $6 10 à j oes e oo eom $560? $00 CAS b c : Oe LT M, "229008 Sect : nn dM >, 272 A 3-3 
A iroa unt T ee TQOQE doors esr Uses. 2s eo. :?22 vvv ++ 2 “Ooeee ge +e oo. BOC Ce: s eeeeeeees st osse oer. 
Q e026550-292256025005000002505606052 09 * -DOT 610€ t: ' 2 x B $4000 17-292920000929*** """engose*-COe: j 
! 2 t SD setas eodd iens) 2 tiep Hu Bien iH Te te $35 MM on LB tS eas aeas 155 eB 822 tsi te) 
^ h eee I? zw AT, RU 322979 tf e >< | $i »$ ris TI EZLIIIIIIIS 0d * ee SEN / 
Do .** eoo9ooDDOO:-- DOOODoQ0Oe 6^ * ** LOS vor * ME T9TToTMPT T ** oct ott c 2 Spe "29997 22241 ae X93 ee j 
e ? 6650 50000005566 £00 es - (robe 20021121 To TREE sauos es cc 56:092, etse "ros eese: TOO eo Sos 
"EET T € 33-2, 31551. M». so +o Peete. tte" : are $+ O29° emet $122: 27002201 esce a $e Be 269, 
^ ^ : : 2 V v4 v ws P f : »- : P | cr" a ee - : S : l x X : 
9951514 9709090. $667 51r OO 16220:22222:00 520 0 S823 1:123 Nt 201411003: 25601254 134005. ms So 
STIR JO OMPEBHDLCLIHIIDC DE 1311093. 2229225111212] 0022: - 5282 10 
ea 12220001 uuuo000T22 t" t seega: tiesssseess.- copes 3 92325151. -220209255002315995-.Iü 0992. 
mpte Priors se * se FORE ***00t! 504 eeee+ ce 
59$02009900090002098: “2 L Fas NU $166 * 95075: 162294600482 2 * 22005 
saos u à 2 Ore e UID wevs*hbb e 25 “a 
E —," rpoeto - ae! oe "929: ^e 


0 = 20[deg] 0 = O[deg] 8 — —20|[deg] 
Fig.12 Arrays of resonant elements 
In each case, the radii of the ring elements change almost concentrically, and the center of the 
concentric circles coincides with the position of the image of the primary radiator. 


Therefore, in the case of 0 - O[deg], where no beam shift occurs, the center of the concentric 
circle coincides with the center of the aperture. 
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6. Second order aberrations 


The phase error caused by the second order residual aberration is also geometrically determined. 


In this section, the image of the primary radiator is assumed to be at the center of the aperture. 


Calculation parameters 


D:Aperture diameter 


RH: The distance from the primary radiator to 
the center of the reflectarray 






S: Second order aberrations 


D V^ (12) 
S=R-—R 1- (25) 
| | AR 

Image of the primary radiator 





AS: Second order residual aberration 


Fig.13 The design parameters for obtaining the PE 
second order aberrations. AS — nU (13) 
Áo 
Residual aberration dA R':Radius R of the spherical wave front 
A.—A 2 2 
dA =——A (7) eee ODE (14) 


Ag GAS 
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The gain reduction due to the second-order residual aberration can be calculated by the 
fundamental beam mode [1]. 


w: Ihe beam radius on the aperture plane 


-2 15 
uc (15) 


Ee 
ulii (16) E, :Edge level 


(a: The beam radius at the beam waist considering the radius of curvature 
of the second-order residual aberration at the aperture 


Wo 





C) 


V1 +v? 


2 


E" » / 
D = 
AR’ 
R' 
G4:Gain reduction 


Wo 
Gq = 20 log— (19) 


Equivalently 25 
Fig.14 Fundamental beam mode . 


D 
0 D: Aperture diameter 
Ga = 20 log — (20) P | | 
D Do: The equivalent aperture diameter with second aberration 
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Wo = (17) 


OW 
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Aperture diameter changed 150 300 450 mm. Under the condition R/D = 1. 





MÀ of the primary radiator 


D 
2 





Heflectarray antenna 





Primary radiator 





Fig.10 Analysis model parameters 
Table3 Analysis model parameters 


Aperture diameter D [mm] 


The distance from the primary radiator to the center of the reflectarray R [mm] 


Inclination angle O[deg] 
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--@- D450R450 Theoretical value ---@-- D300R300 Theoretical value --#-- D150R150 Theoretical value 
— D450R450 Analytic value ——€—D300R300 Analytic value — ——D150R150 Analytic value 











Gain[dB] 
e 


N 
OO 


24 


22 





20 


11 11.5 12.5 13 


12 
Frequency[GHz] 





Fig.15 Gain-frequency characteristics(for R/D=1) 


The results are consistent when the aperture diameter is small. 
On the other hand, a difference occurs as the aperture diameter increases. 
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Changing the distance from the primary radiator to the center of the reflectarray H b 
fixing the Aperture diameter D. 


Image of the primary radiator 
*— ; 
e( a 





N| D 








Fig.10 Analysis model parameters 
Table4 Analysis model parameters 


Aperture diameter D [mm] 


The distance to the aperture diameter lower end from the primary radiator X4[mm| 


The distance from the primary radiator to the center of the reflectarray R [mm] 


Inclination angle O[deg] 
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=+- D150R150 Theoretical value --@- D150R300 Theoretical value —A- D150R450 Theoretical value 
—*— D150R150 Analytic value —9— D150R300 Analytic value —=— D150R450 Analytic value 
24.5 


24 


Gain[dB] 


23 


Zt 





22 


Frequency[GHz] 





Fig.16 Gain-frequency characteristics(for varius values of R) 


A lower gain reduction is achieved when A is higher. 
This means that a reflectarray antenna system with a large H/D has wideband characteristics. 
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7. Conclusion 


By introducing the aberration theory, the mechanism of the frequency 
characteristics of the beam shift and the gain reduction were clarified 
qualitatively and the validness was verified quantitatively by simulations. 


Two important points were clarified to design a more broadband antenna. 


v 


CD Beam shift (First order aberration) 
It is necessary for the image of the primary radiator to be at the center aperture. 


(2) Gain reduction (Second order aberration) 
F/D needs to be larger. (Parabolic antenna F/D = R/D=F/D) 
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